When protons are exchanging for bivalent cations (Cu2", Zn2+, or Ca2+) on the carboxylic groups of Nitella flexilis cell wall, the values of the respective global equilibrium constants do not change up to a protonation degree of 80%. These values drastically increase at higher proton concentrations and tend to =3.4, which is the intrinsic pK value of the constitutive a-D-galacturonic acid monomer. These data suggest that the electric field in the matricial polymer and the cation bridges between pairs of negative sites have disappeared.
Plant cells are surrounded by a rigid cell wall usually of a pecto-cellulosic type. Fixed negative charges arise from the ionization at natural pH of the constitutive pectins. They can protonate under the influence of the ionic force, the pH, and the ionic composition of the bathing medium, or as a consequence of a significant proton excretion by the plasmalemma (3) .
The protonation of the carboxylate groups lowers the amount ofcations fixed in the cell wall, affects the ion exchange selectivity and the ion activity in the cell wall. This can alter the solute transfer from the external medium to the plasmalemma as well as the membrane resting potential (10) .
On the other hand, the auxin-enhanced excretion of high amounts of pectic acids from the cytoplasm to the cell wall and their ionization could act as a metabolic way of regulating the cytoplasmic pH in plants. Moreover, the neutralization by bivalent cations of the excreted pectic acids, particularly in the inner part of the cell wall (8, 9) , could be a critical factor in the growth mechanisms of the plant cell.
In this study, we have measured the uronic acid protonation in the Nitella cell wall in equilibrium with metal cations and verified a global equilibrium equation describing the proton cation exchange.
MATERIALS AND METHODS Biological Material. Our experiments have dealt with the giant fresh water alga Nitellaflexilis (L.) Ag. The cell wall of this alga contains an unmethylated pectin in high proportions (1, 2 A 1-cm cell wall section has a mean dry weight of 40 ug. It has a width of 0. 1 16 cm and is 5.14 um thick (values measured in a 0.5 mN CuCl2 solution at 25°C using a Zeiss micrometer). The fresh volume of the cell wall section being thus 5.96 cm3 and the density of the pectro-cellulosic matrix being 1.75 (measured in a CsCl gradient), the cell wall has a water content of 62% (v/v). In other words, 1 kg dry cell walls absorbs 0.933 L of water. A cation exchange capacity of 1.35 eq kg-' dry matter is thus equivalent to a concentration of 1 
where KA = the acid dissociation constant KH = the selectivity coefficient of metal ion over H+. RESULTS AND DISCUSSION Figure 1 shows the amounts of copper, zinc, and calcium cations fixed in the cell wall as a function of pH. The curves relating to the zinc and calcium exchanges have a similar sigmoidal shape and are nearly confounded. The curve for the copper exchanges has the same kind of shape, but is shifted towards lower pH values: a much higher proton activity is thus necessary in the external solution to displace the same amounts of cupric ions from the polymer. The higher affinity of the Cu2" ions for the pectic exchange sites as compared to Ca2e and Zn2+ is thus confirmed. The exchange capacity reaches a plateau of 1.35 eq kg-' dry matter at pH 4.5 that extends up to pH 7 (data not shown). The cation exchange capacities measured in this study agree quantitatively with the biochemical analyses performed by Metraux (5) and with the potentiometric measurements of Ivano et al. (4) on N. flexilis cell walls, but differ from those of Morikawa as discussed by Taiz et al. (1 1) . Figure 2 reports the amounts of cations fixed in the cell wall as a function of pH for equilibrium solutions containing 10 If the logarithm of the global equilibrium constant of the exchanges (log Kex-HA) is plotted (Fig. 3) as a function of NHA (the equivalent fraction of the sites that are protonated), the following conclusions can be deduced.
The selectivity coefficient of the proton against the calcium or zinc ions is strongly higher than the one against cupric ions. This can be attributed to the specific adsorption of copper on the carboxylic exchange sites. In a previous study (14) , the electron paramagnetic resonance spectroscopy has shown that a significant fraction (30%) of the copper adsorbed in the cell wall loses water molecules in its inner coordination sphere, and binds with some covalency to two carboxylate functions in equatorial positions. This kind of chelation originates from a tetragonal distortion of the octahedral field of the ion attributed to the JahnTeller effect. The calcium and the zinc ions are not able in the experimental conditions to lose water molecules in their inner coordination spheres and can only form outer-sphere complexes. These much less stable complexes are easily displaced by protons.
Whatever the value that the global equilibrium constants (log Kex-HA) reach in the three kinds of exchanges, it remains constant up to a protonation degree of =80% (NHA < 0.8 or a > 0.2). This result means that the neutralization of 80% ofthe sites by proton binding has no effect on the characteristics of the exchange. Above this value, the additional saturation of the -COO-groups leads to such a lowering of the surface charge density in the exchanger that the preferential attraction of the bivalent cations (the electroselectivity) vanishes. The progressive disappearance of the electrostatic interactions results in the tendency of the global equilibrium constants to ultimately reach the intrinsic pK value: 3.36 of the a-D-galacturonic acid monomer (6) , the main building block of the constitutive pectin of the cell wall. LITERATURE CITlE;D
